We reared mixotrophic (Ochromonas tuberculata and Cryptomonas sp.) and photoautotrophic specialist algae (Scenedesmus obliquus) at different light : phosphorus supplies and compared their effects as food for zooplankton (Daphnia magna). According to the light : nutrient hypothesis (LNH), biomass and nutrient stoichiometry of phototrophic specialists depend strongly on light : phosphorus supplies. If this is true, herbivore growth and fecundity should be limited by food quantity at low light intensities and by stoichiometric food quality at high light intensities. In turn, phosphorus fertilization should cause a transition from limitation by food quality to limitation by food quantity. In contrast to the LNH, biomass and nutrient stoichiometry of mixotrophs were almost unaffected by alterations in the supply of light and dissolved nutrients. Bacterial counts indicate that mixotrophs compensated for light or phosphorus deficiency by heterotrophic nutrition. Compared to phototrophic specialists, a diet of Cryptomonas sp. therefore enabled a similar or higher and more stable secondary production at most light : nutrient supplies. O. tuberculata, however, appeared to be toxic. Our results indicate that mixotrophs might have a balancing effect on variations in transfer efficiency caused by perturbations to light and nutrient supplies.
Global perturbations to solar insolation and to biogeochemical cycles are altering the inputs of light and nutrients to ecosystems, thus influencing primary and secondary production (e.g., Lindroth et al. 1993; Schindler 1998) . Studies in this context have traditionally focused on the role of food quantity and have suggested that high primary production and biomass should yield high secondary production and biomass and therefore potentially also sustain a higher biomass of top predators (e.g., Begon et al. 1996) . More recently, however, it has become increasingly clear that food quality in terms of elemental nutrient composition may be a key determinant with regard to trophic efficiency in food webs (e.g., Hessen 1992; Gulati and DeMott 1997) and that food chain production varies with the degree of mismatch between the carbon : nutrient ratios of autotrophs and their consumers (e.g., Sterner et al. 1998; Hessen and Faafeng 2000) .
A compilation of stoichiometric data in terrestrial and aquatic food webs indicates that carbon : nutrient ratios of autotrophs are suboptimal for herbivores in many ecosystems . In aquatic systems, for example, the mismatch between the cellular carbon : phosphorus (C : P) ratios of algae and their consumers can be very high. While the C : P ratios of phytoplankton may range from 100 to ϳ1,000 (e.g., Gächter and Bloesch 1985; Elser and Hassett 1994) , C : P ratios of herbivorous zooplankton are typically much smaller and less variable. The total range of body C : P in crustacean zooplankton taxa studied to date varies from 1 Corresponding author (alexis.katechakis@gmx.net).
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We thank Sebastian Diehl for helpful comments on an earlier draft of the manuscript and Angelika Wild and Achim Weigert for technical assistance. We also thank Dag Hessen and two anonymous reviewers for their most helpful comments toward the final version of the article. Experiments were supported by the Deutsche Forschungsgemeinschaft, DFG (project ST180/ 1-1, 1-2). 50 to 200 (e.g., Andersen and Hessen 1991) , showing limited intraspecific variability (strong physiological homeostasis), with most variation associated with differences among species. Hence, algae with low C : P ratios are rated a better food quality for herbivorous mesozooplankton than algae with high C : P ratios (e.g., Sterner et al. 1998; Hessen and Faafeng 2000; Makino et al. 2002) .
High C : P ratios in autotrophs have been attributed to a joint effect of high light intensities and low P supplies. At high light : nutrient ratios, higher primary production may, therefore, paradoxically cause lower zooplankton production as a result of a reduction in transfer efficiency caused by low food quality. On the other hand, at low light supply, food quantity may limit secondary production. These relationships have been summarized in the light : nutrient hypothesis (LNH) by Sterner et al. (1997) and seem well supported by recent theoretical (Andersen 1997; Loladze et al. 2000) and empirical studies (e.g., Urabe and Sterner 1996; Hessen et al. 2002; Urabe et al. 2002a ).
The LNH is based on the assumption that photoautotrophic specialists constitute the base of the food chain. To date, the role of mixotrophic organisms has been neglected within this context. Mixotrophic algae combine phototrophic and phagotrophic production dependent on the availability of light and nutrients (e.g., Sibbald and Albright 1991; Raven 1997) and have been found in several classes of phytoplankton (e.g., Jones 2000) . Mixotrophic algae are widespread in pelagic ecosystems and, for the following reasons, mixotrophs can be expected to have different effects on the algaeherbivore interface than predicted by the LNH. First, the ability to use alternative production pathways indicates that the stoichiometric composition of mixotrophs might be less affected by alterations in the supply with light and dissolved nutrients than the stoichiometry of phototrophic specialists. Second, potentially limiting nutrients, particularly P, are often several orders of magnitude more concentrated in the biomass of food organisms of mixotrophs (bacteria and bac-terial-sized particulate matter) than in the dissolved phase (e.g., Vadstein 2000) . C : P ratios of bacteria are indeed relatively low and constrained (ϳ10-500) (e.g., Makino 2003) . Heterotrophic nutrition might therefore entail low C : P ratios in mixotrophs, making them a nutrient-rich food source for herbivores at high environmental light : nutrient ratios as well. Third, mixotrophic organisms may dominate phytoplankton biomass under low light conditions and in lownutrient environments (e.g., Riemann et al. 1995 ) (i.e., exactly in those environments where, according to the LNH, secondary production may be restricted by autotroph food quantity and quality, respectively).
Based on these expectations, we formulated the following two hypotheses and tested them experimentally in the laboratory: (1) The C : P ratios of mixotrophs are lower and much less dependent on external light : nutrient supply ratios than the C : P ratios of purely phototrophic algae, and (2) compared to photoautotrophic specialists, mixotrophs are a superior food source for herbivorous zooplankton at high light : nutrient supply ratios and in low light environments.
Material and methods
Experimental setup-Experiments were performed in semicontinuous two-stage chemostats consisting of 600-ml tissue culture flasks. We filled all chemostats with sterilefiltered, autoclaved water from oligotrophic Lake Langbür-gener See (South Bavaria, Germany). Chemostats were placed in a climate chamber at a temperature of 20Њ Ϯ 1ЊC and illuminated with fluorescent bulbs (Osram light code 77 and Osram cool-white 21-840, 36 W each, in equal parts, Osram) in a 16 : 8h light : dark rhythm.
In the first stages, we inoculated equivalent biovolumes (measured with a Casy 1 TTC particle counter, Schärfe Systems) of purely phototrophic Scenedesmus obliquus (SAG culture 276-3a, SAG culture collection, Göttingen, Germany), mixotrophic Ochromonas tuberculata (CCAP culture 933/27, CCAP culture collection, Ambleside, U.K.), mixotrophic Cryptomonas sp. (SAG 19.80) , or a mixture of S. obliquus and O. tuberculata. Algal stock cultures were nonaxenic. O. tuberculata and Cryptomonas sp. cover the two extremes of mixotrophic strategies documented in literature (e.g., Jones 2000) . Ochromonas is a predominantly heterotrophic mixotroph (e.g., Sibbald and Albright 1991) that uses phototrophy only when prey concentrations limit heterotrophic growth (Rothhaupt 1996b) . Cryptomonas is rated primarily as a phototroph, ingesting prey only at low rates, for example to meet requirements for cell maintenance during prolonged dark periods or for the uptake of essential organic carbon compounds, such as vitamins (e.g., Sanders and Porter 1988; Tranvik et al. 1989 ).
In the second-stage flasks, three neonates each of Daphnia magna were fed with material from the first-stage flasks. Neonates were born within 12 h before setting up the experiment, gathered from mothers established in stock cultures at our institute.
We conducted two series of experiments: One series in a light gradient (60-345 mol quanta m Ϫ2 s Ϫ1 ) at constant nutrient supply (N : P was 16 : 1 in molar units, with P ϭ 0.5 mol L Ϫ1 ), and a second series in a P gradient (N : P ϭ 16 : 1 to 16 : 20, with P ϭ 0.5 to 10 mol L Ϫ1 ) at constant light conditions (345 mol quanta m Ϫ2 s Ϫ1 ). Light intensity in the first series was adjusted by shading the chemostats with layers of greaseproof paper. We established seven light intensities: 60, 90, 125, 160, 205, 265, and After inoculation, first-stage chemostats with algal monocultures were allowed to grow for 7 d to attain a sufficient food concentration of a least 10 4 cells ml Ϫ1 (measured with a Casy 1 TTC particle counter) and to stabilize food quality before starting Daphnia performance experiments. Chemostats with mixtures of S. obliquus and O. tuberculata were run for 3 weeks before experiments started to enable equilibrium of both taxa. From the time of inoculation on, every 2 d, 200 ml of the culture suspension were replaced by fresh medium (sterile-filtered, autoclaved lake water, supplemented with nutrients as described above) and transferred to second-stage flasks, yielding an average dilution rate of the medium of D ϭ 0.17 d Ϫ1 . D. magna individuals remained undiluted. Experiments were terminated when all cladocerans in a chemostat had produced eggs or had reached adulthood (after 6-10 d). Adulthood was judged with regard to instar numbers and size of abdominal appendages (Stibor and Lampert 1993) . During the experimental period, we inspected by eye whether grazers were intact several times a day by controlling their swimming behavior in the chemostats. To homogenize the culture suspension, we also mixed the vessels gently on this occasion.
Sample preparation and analysis-All parameters were determined once at the beginning and once at the end of the experiment.
Food quantity and quality-For the examination of algal biomass and C : P stoichiometry, we filtered known aliquots of the culture suspensions from first-stage chemostats on precombusted Schleicher and Schuell GF6 glass-fiber filters. Filters were dried in an oven at 60ЊC and stored in a desiccator (C) or freezer (P) until analysis. C content was determined with a C-Mat 500 carbon analyzer (Juwe). Algal P concentration was determined by spectrophotometric methods (acid molybdenum-blue technique) after oxidation by persulfate (APHA 1992) .
To ascertain the proportions of S. obliquus and O. tuberculata in the mixed chemostats, we fixed samples with Lugol's iodine (5 g I 2 ϩ 10 g KI in 100 ml distillated water, 1% final concentration), settled samples in Utermöhl cham-bers (Hydrobios), and counted them in an inverted microscope (Leica DMIL, Leica) according to the method of Utermöhl (1958) and Lund et al. (1958) .
To assess Daphnia magna performance, we determined the individuals' somatic growth rates and standardized egg numbers. Somatic growth rates, g (per day), were estimated by measuring the rate of change of body lengths, L (in mm), under a dissecting microscope and converting body lengths to body mass, (in g), using conventional length-mass regressions, thus (Stibor 2002) :
where t is the experimental duration in days, and ϭ 12.58 L 2.41 . Standardized egg number was calculated as the number of produced eggs per adult female divided by individual body length.
Bacterial net growth-To determine possible impacts on the bacterial guild in the chemostats, we preserved samples with 0.2-m-filtered formaldehyde (2% final concentration), stained them with 4,6-diamidino-2-phenylindol (DAPI; 2 g DAPI ml Ϫ1 , sample final concentration), after Porter and Feig (1980) , and enumerated samples at ϫ1,000 magnification using an epifluorescence microscope (Zeiss Axioplan, Carl Zeiss). Bacterial net growth rate, r (per day), was calculated as r ϭ (ln C 1 Ϫ ln C 0 )/t where C 1 and C 0 are the bacterial abundances (cells ml Ϫ1 ) at the end and at the beginning of the experiment and where t is the experimental term in days.
Results
In the following, we will initially treat the monospecific cultures and subsequently the mixed treatments. Detailed results are presented first for light manipulations and then for P fertilization.
Food quantity and quality-Purely phototrophic algae reached higher maximum biomasses than mixotrophs in both the light and the P gradient, but generally provided a lower food quality in terms of C : P ratios. Moreover, both parameters were much more affected by changing light or nutrient supplies in phototrophic specialists than in mixotrophs.
The biomass and the C : P ratio of phototrophic specialist Scenedesmus obliquus increased considerably with increasing light supply. In contrast, mixotroph biomasses and C : P ratios remained largely constant across the light gradient (Fig. 1A ,B, left panel; Table 1 ). Biomasses and C : P ratios of purely phototrophic algae were higher than values for mixotrophs throughout the light gradient. Only at the lowest light intensity of 60 mol quanta m Ϫ2 s Ϫ1 did biomasses and C : P ratios not differ significantly between purely phototrophic and mixotrophic species (two-way analyses of variance [ANOVAs]; Table 2 , and post-hoc Tukey-test analyses, p Ͻ 0.01).
While the biomass of Cryptomonas sp. increased slightly along the entire P supply range, P fertilization left biomasses of S. obliquus and O. tuberculata largely unaffected, except for an initial increase in S. obliquus biomass, from the lowest to the second lowest P concentration (Fig. 1A , right panel; Table 1 ). Similarly, P fertilization influenced mixotroph C : P ratios only at the lowest P concentrations. In contrast, P fertilization severely affected C : P ratios of phototrophic specialists across the entire P gradient, leading to a more than sixfold decrease from ϳ800 to ϳ120 (Fig. 1B , right panel; Table 1 ). Similar to the light gradient, biomasses of phototrophic specialists were higher throughout the P gradient than values for mixotrophs (two-way ANOVAs, Table  2 , and post-hoc Tukey-test analyses, p Ͻ 0.01). C : P ratios of phototrophic specialists approached mixotrophic C : P ratios with increasing P supply. At P supplies Ն4 mol L Ϫ1 C : P ratios did not differ significantly between purely phototrophic and mixotrophic species (two-way ANOVAs, Table 2, and post-hoc Tukey-test analyses, p Ͻ 0.01).
Chemostats with mixtures of S. obliquus and O. tuberculata developed very similarly to chemostats containing only phototrophic specialists (Fig. 1A,B ). Only at low light intensities of Յ120 mol quanta m Ϫ2 s Ϫ1 did biomasses and C : P ratios of mixed cultures develop similarly to treatments with mixotrophs (Fig. 1A ,B, left panel; two-way ANOVAs, Table 2 , and post-hoc Tukey-test analyses, p Ͻ 0.05). This is because S. obliquus generally dominated mixed chemostats (Fig. 2) , while O. tuberculata reached appreciable proportions of total biomass only at low light intensities of Յ120 mol quanta m Ϫ2 s Ϫ1 (between 42.0% Ϯ 7.9% standard error [SE] of the means and 59.9% Ϯ 6.4%). Its proportion of total biomass decreased continuously with increasing light supply. At light intensities Ͼ120 mol quanta m Ϫ2 s Ϫ1 and throughout the P gradient, O. tuberculata was almost completely outcompeted by S. obliquus (relative biomass of O. tuberculata of Ͻ5% and Ͻ3%, respectively).
Daphnia magna performance-ANOVAs indicate that growth and fecundity of D. magna differed for different food types, for different treatments (light supply or P supply), and for interactions between food type and treatments (Table 3) . Animals feeding on O. tuberculata suffered high mortality during the course of the experiment and died out before they could reproduce. Therefore, they are not further treated here. Growth rates and reproduction were significantly affected by food quantity and quality (Fig. 1C,D) .
In the light gradient, D. magna juveniles grew more rapidly and reproduced more robustly feeding on the mixotroph Cryptomonas sp. relative to the phototrophic specialist diet (two-way ANOVAs, Table 3 , and post-hoc Tukey-test analyses, p Ͻ 0.01). At most light intensities, somatic growth and egg production were higher on Cryptomonas sp. than on S. obliquus (Fig. 1C,D, left panel) , although purely phototrophs provided higher food quantities (Fig. 1A, left panel) . This was due to a better food quality of Cryptomonas sp., gauged in terms of C : P ratios (Fig. 1B, left panel) . Moreover, the constant mixotroph food characteristics across the light gradient (Fig. 1A,B , left panel) produced relatively stable D. magna responses. In contrast, somatic growth and egg production were more affected by changing light conditions feeding on S. obliquus, with highest performances at intermediate light intensities of between 90 and 160 mol quanta (Fig. 1C,D , left panel; two-way ANOVAs, Table 3 , and post-hoc Tukey-test analyses, p Ͻ 0.05).
Results in the P gradient were not as clear. At low P concentrations of Յ1 mol L Ϫ1 , D. magna growth and fecundity were higher feeding on Cryptomonas sp. than on S. obliquus (Fig. 1C,D, right panel) . With increasing P supply, phototrophic specialists provided the better food source (Fig.  1C,D , right panel; two-way ANOVAs, Table 3 , and post-hoc Tukey-test analyses, p Ͻ 0.01). This is because at P supplies of Ͼ2.5 mol L Ϫ1 , S. obliquus attained food qualities similar to Cryptomonas sp. (Fig. 1B, right panel) , but simultaneously provided higher food quantities (Fig. 1A, right panel) . Although the investigated food characteristics of Cryptomonas sp. remained relatively constant across the P gradient (Fig. 1A, B, right panel) , D. magna performance declined with rising P supply (Fig. 1C,D, right panel) , a result that is different from the observations made in the light gradient. As was the case with the light gradient, somatic growth rates and egg production attained on S. obliquus were highest at intermediate P supplies from 5 to 7.5 mol L Ϫ1 and from 2.5 to 7.5 mol L Ϫ1 , respectively (Fig. 1C ,D, right panel; two-way ANOVAs, Table 3 , and post-hoc Tukey-test analyses, p Ͻ 0.05).
As S. obliquus dominated almost all chemostats with mixtures of S. obliquus and O. tuberculata (Fig. 2) , mixed diets and phototrophic specialist diets caused similar D. magna responses in both gradients (Fig. 1C,D) . However, cladocerans usually grew and reproduced better on the pure S. obliquus diet, although the food characteristics of both kinds of diets were similar (Fig. 1A,B) . Despite generally low relative biomasses, O. tuberculata may have had a detrimental effect on D. magna in the mixed diets.
Bacterial net growth-Two-way ANOVAs indicate that bacterial net growth rates differed for different alga species, but not for different treatments (light supply or P supply) ( Table 4) . Calculations of bacterial net growth rates are based on the bacterial abundances shown in Fig. 3B-D .
In the light gradient, bacterial net growth rates were influenced differently in the presence of phototrophic specialists or mixotrophic algae (two-way ANOVA, Table 4, (Fig.  3A) .
In the P gradient, bacterial net growth rates were influenced differently in the presence of O. tuberculata than with S. obliquus or Cryptomonas sp. (two-way ANOVA, ) and C : P ratio (molar) development for Scenedesmus obliquus, Ochromonas tuberculata, Cryptomonas sp., and a mixture of S. obliquus and O. tuberculata in a light gradient at constant nutrient supply and in a P gradient at constant light conditions (see Materials and methods for details). Sample size in each gradient: 3 ϫ 2 ϫ 7 ϫ 4 (replicates ϫ measurements ϫ treatments ϫ species) ϭ 168. Fig. 2 . Proportion of mixotrophic Ochromonas tuberculata biomass (%) of total biomass in competition with phototrophic specialist Scenedesmus obliquus in a light gradient at constant nutrient supply and in a P gradient at constant light conditions (see Materials and methods for details). Data points are means of 3 ϫ 2 (replicates ϫ measurements) ϭ 6 samples. Error bars indicate ϮSE of the means.
were positively correlated to P supply under the influence of O. tuberculata (y ϭ 0.14 ϩ 0.0002x, r 2 ϭ 0.52, F 1,5 ϭ 5.5, p Ͻ 0.1) and Cryptomonas sp. (y ϭ Ϫ0.03 ϩ 0.01x, r 2 ϭ 0.67, F 1,5 ϭ 10.0, p Ͻ 0.05), but stable in chemostats with S. obliquus (p ϭ 0.89) (Fig. 3A) .
Discussion
Mixotrophs expressed low and remarkably stable C : P ratios between 100 and 300, despite huge variations in absolute and relative light and nutrient supplies. In contrast, C : P ratios of purely phototrophic algae varied between 100 and 800 (Fig. 1B) . The response of phototrophic specialist C : P ratios to the manipulations accords well with the LNH (Sterner et al. 1997 ) and with previous studies, which showed that algal C fixation depends strongly on light intensity, while P acquisition is closely coupled to overall P supply (e.g., Urabe and Sterner 1996; Makino et al. 2002; Urabe et al. 2002a) .
In contrast to the LNH, changes in light or nutrient supply left the nutrient composition of mixotrophs almost unaffected. O. tuberculata and Cryptomonas sp. probably compensated for light or P deficiency by heterotrophic nutrition. We did not conduct specific grazing experiments with mixotrophs in the present study. Comparisons of bacterial net growth rates, however, indicate that O. tuberculata and Cryptomonas sp. ingested bacteria at low light and P supplies and that both mixotrophs became increasingly photoautotrophic at sufficiently high light and nutrient supplies (Fig. 3) . As a consequence, at high light : nutrient ratios and at low light conditions, mixotrophs contained on average two to three times as much P per unit carbon as phototrophic specialists and fairly closely resembled the C : P ratios commonly found in bacteria (e.g., Makino et al. 2003) . Similarly, algal C : P ratios were low and stable in mixed chemostats, as long as O. tuberculata contributed substantially to overall biomass. To the extent mixotrophs were suppressed, community C : P ratio increased rapidly, resembling the treatments containing only Scenedesmus obliquus (Figs. 1B, 2) .
The observation that O. tuberculata was supressed by S. obliquus at high light and nutrient levels (Fig. 2) and the finding that mixotrophs generally expressed lower biomasses than purely phototrophic algae (Fig. 1A) can be explained with the energetic costs mixotrophic organisms have to invest in the synthesis and maintenance of both a photosynthetic apparatus and in mechanisms for prey uptake and its subsequent digestion. These energetic costs may lower a mixotroph's resource use efficiency and may lower photosynthetic performance, resulting in a reduced maximum growth rate compared with a phototrophic or heterotrophic specialist. A mixotroph is therefore expected to be inferior if it competes with specialist phototrophs for light or with specialist phagotrophs for prey (e.g., Rothhaupt 1996a; Raven 1997; Jones 2000) .
Another expectation that our results support is that at high light : nutrient ratios, as at low light conditions, the mixotroph Cryptomonas sp. provided the better food source for herbivore production compared to phototrophic specialists. At high light and nutrient supplies, phototrophic specialists presented the more favorable food (Fig. 1C,D) .
In accordance with the LNH and numerous experimental studies (e.g., Urabe and Sterner 1996; Hessen et al. 2002 ; Table 3 . Results of analyses of variance (ANOVAs) for growth rate and reproduction data of Daphnia magna feeding either on phototrophic specialist Scenedesmus obliquus, mixotrophic Cryptomonas sp., or a mixture of phototrophic specialist S. obliquus and mixotrophic Ochromonas tuberculata in a light gradient at constant nutrient supply and in a P gradient at constant light conditions (see Materials and methods for details). Sample size in each gradient: 3 ϫ 7 ϫ 3 (replicates ϫ treatments ϫ species) ϭ 63. Table 4 . Results of analyses of variance (ANOVAs) for bacterial net growth in chemostats with Scenedesmus obliquus, Ochromonas tuberculata, or Cryptomonas sp. in a light gradient at constant nutrient supply and in a P gradient at constant light conditions (see Materials and methods for details). Sample size in each gradient: 1 ϫ 7 ϫ 2 (replicates ϫ treatments ϫ species) for mixotrophs ϩ 1 ϫ 3 ϫ 1 for purely phototrophs ϭ 17. Urabe et al. 2002a) , the shifts in algal biomass and elemental stoichiometry of purely phototrophic S. obliquus caused a trade-off scenario for herbivores in both gradients. Juvenile somatic growth rates and adult fecundity of D. magna were limited by food quantity at low light intensities and were limited by food quality at high light intensities (Fig. 1C,D , left panel). In turn, P fertilization caused a transition from limitation by food quality to limitation by food quantity (Fig.  1C,D, right panel) . In contrast to the LNH, the steady food characteristics of mixotrophic Cryptomonas sp. enabled a constant herbivore production throughout the light gradient. It is remarkable that at most light : nutrient supply ratios, herbivore growth and fecundity were considerably higher on the mixotroph diet, although food quantity was on average 40% to 70% lower than in monocultures with purely phototrophs. Obviously, transfer efficiency was primarily triggered by food quality. This is consistent with the results received for specialist phototroph and for mixed treatments in the P gradient and sustains recent findings by other authors (e.g., Boersma and Kreutzer 2002; Urabe et al. 2002a; Acharya et al. 2004 ). However, the relative influences of food quality and quantity on zooplankton production are still controversial. Our results from pure and mixed cultures containing S. obliquus indicate that increases in food quantity stimulate secondary production only at low C : P ratios of Ͻ300, whereas improvements in food quality always enhance transfer efficiency (Fig. 1) . This outcome is supported by various estimates of stoichiometric food quality thresholds, which show that the transition from C limitation to P limitation in the growth and reproduction of D. magna takes place when food has a C : P ratio of about 250 to 300 (e.g., Hessen 1992; Hessen and Faafeng 2000; Urabe et al. 2002b) .
In contrast to our expectations and the LNH, the performance of D. magna declined under P fertilization with Cryptomonas sp. as food, despite low C : P ratios of around 160 and an increasing food quantity (Fig. 1, right panel) . The strongly decreasing responses in D. magna growth and fecundity indicate that other factors different from algal nutrient stoichiometry influenced food quality. Recent studies have shown, for example, that biochemical constraints like essential fatty acid deficiency may limit secondary production independent from the elemental nutrient composition of food organisms (e.g., Müller-Navarra et al. 2004) , and especially at low C : P ratios of Ͻ300 (Boersma 2000; Elser et al. 2001; Urabe et al. 2002a,b) . As explained above, we found indications for a decreasing contribution of phagotrophy to overall production at high light and P supplies in both mixotrophs. It is possible that a lowered intake of bacteria had an impairing effect on the food quality of Cryptomonas sp. beyond nutrient stoichiometry.
Despite all the positive effects described so far, our experiments imply that mixotrophs may also have detrimental impacts on the algae-herbivore interface. O. tuberculata gave some evidence for having a toxic impact on herbivores. D. magna suffered high mortality feeding on O. tuberculata shortly after the experiments started. We did not test for toxicity, but toxins have been isolated from ochromonads before (e.g., Spiegelstein et al. 1969) , and their harmful effect on D. magna has been reported by Leeper and Porter (1995) .
In conclusion, our study indicates that shifts in light : nutrient supply ratios must not necessarily be accompanied by shifts in seston nutrient stoichiometry as predicted by the LNH, if mixotrophs contribute substantially to overall seston biomass. Consequently, feeding on mixotrophs might also influence secondary production differently than proposed by the LNH. Our results strongly imply that mixotrophs should be considered in the further development of ecological theories that incorporate stoichiometric effects on food web dynamics. Various authors have suggested that variation in seston C : nutrient ratios may regulate the strength of trophic cascades in aquatic ecosystems, with strong cascades occurring at low particulate C : nutrient ratios (e.g., Elser et al. 1998; Hessen and Faafeng 2000) . P limitation, supporting high C : P ratios, seems to be widespread in lakes today (Elser and Hassett 1994; Elser et al. 2000; Hessen and Faafeng 2000) and might be enhanced in the future (Schindler 1998) . Sterner et al. (1997 Sterner et al. ( , 1998 predicted an increasing decoupling of higher and lower trophic levels in this case. Indeed, the trophic cascade appears to be muted in P-limited lakes (Carpenter and Kitchell 1993; Pace et al. 1999; Makino et al. 2002) . Our results indicate that mixotrophs might act as a buffer within this context. Certainly the hypotheses put forward here merit further exploration in the laboratory and in the field.
